The common marmoset (Callithrix jacchus), a small new world monkey species, has been widely used in various scientific fields. It is necessary to understand connections between specific genotypes, their structure, and function; however, an anatomical atlas of the entire body of the common marmoset has not yet been reported. In addition to conventional absorption, refraction enhanced computed tomography (CT) based on synchrotron radiation can increase the contrast of boundaries between small absorption differences. In this study, to examine the potential of creating an anatomical atlas of the whole body of the common marmoset non-invasively, we visualized an intact marmoset using synchrotron refraction enhanced CT. The cryogenic marmoset was scanned using the medical imaging beamline at the SPring-8 synchrotron radiation research facility in Japan. The trabecular structure, articular cartilage, cruciate ligament in the knee joint, and small airways (diameter > 400 μm) was clearly identified with 50 μm voxel size and 37 keV X-ray energy. The structure of the heart and branching vessels in the kidneys and liver were also identified without contrast agents, and the anatomical structure of the brain was slightly visible. These results show that synchrotron refraction enhanced CT is useful for creating an anatomical atlas non-invasively, and further studies are planned that will combine refraction enhanced CT and other imaging techniques to analyse the morphology and create a complete atlas of the whole body of the common marmoset.
Introduction
The common marmoset (Callithrix jacchus) is a small new world monkey species; its importance has been growing in various scientific fields, including pharmacology [1] , stem cell biology [2, 3] , genetics [4] , transgenics [5, 6] , toxicology [7] , reproductive physiology [8, 9] , psychology [10] , and social behaviour [11, 12] . The advantages of the marmoset as an experimental primate are its small body size (height: 14 -18 cm, weight: 250 -400 g), high fertility (2 -4 babies per year), and high reproductive capacity (reach breeding age at 1.5 -2 years). Additionally, marmosets live in small family groups with high cognitive consonance and vocal communication [13] . Therefore, particularly for neuroscience research, an at-linear attenuation coefficients between tissues. While these differences are substantial between bone and soft tissue, they are usually small between different types of soft tissue. As a result, the inherent contrast between soft tissues is low. Synchrotron radiation gives a much higher flux with a collimated X-ray beam compared to laboratory microfocal X-ray sources. We previously reported that the visibility of a dissected lung in a simple projecttion was greatly improved when using monochromatic synchrotron radiation and placing the detector a long distance from the lung [19, 20] . This effect can be explained by the refraction of X-rays at the edges of boundaries. The method can increase image contrast when combined with conventional absorption contrast, and is useful for visualizing boundaries where absorption differences are small. This effect has been investigated both theoretically and experimentally [21] [22] [23] [24] [25] [26] [27] . Tomographic reconstruction of a mouse lung produced an image with better contrast when using the refraction edge-enhancement effect compared to conventional absorption-based tomography, and the technique is applicable to larger specimens, such as rabbit lungs [28] .
Because of the rapid development of molecular boilogy, it is important to understand the connection between specific genotypes, their structure, and function. However, an anatomical atlas of the whole body of the common marmoset has not yet been reported. To examine the potential of creating an anatomical atlas of the whole body of the common marmoset non-invasively, we visualized an intact common marmoset using synchrotron refraction enhanced CT. Since not only the surface, but also the insides of a sample are deformed by gravity and temperature during scans, CT scans were performed in cryogenic conditions to prevent motion artefacts.
Methods

Animals
All experiments with animals were conducted in accordance with the Guidelines for Conducting Animals Experiments of the Japanese Central Institute for Experimental Animals. An adult female common marmoset (Callithrix jacchus), 3.2 years of age, with a body weight of 340 g, was scanned. The marmoset was euthanized with excess Nembutal and the fur was removed with depilatory cream. To increase image contrast of the stomach and abdomen, Tissue Tek O. C. T. Compound (Sakura Finetek Inc., Torrance, CA) was dispersed throughout the animal. Figure 1 shows a schematic diagram of the cryogenic CT imaging. The sample was covered with bubble wrap and placed on a rotation stage in the CT apparatus [29] in an upright position leaning on a plastic guide. In this study, the common marmoset, including the rotation stage, was placed in an insulated chamber with double kampton and foamed styrol walls, and scanned while maintaining cryogenic temperatures via the continuous supply of nitrogen gas into the top of the chamber (10 L/min).
X-Ray Imaging
Imaging was performed using the medical imaging beamline BL20B2 [30] at the third generation synchrotron radiation facility SPring-8, Japan. SPring-8 produces light that is about one billion times more brilliant than conventional X-ray sources. The X-ray beam produced by the bending magnet was monochromated by a Si (111) double crystal monochromator and then transported into experimental hutches. The experiment was carried out in hutch 2, which is approximately 200 m from the X-ray source. Beam divergence was 1.5 mrad horizontally and 0.06 mrad vertically; therefore, experimental hutch 2 provided a large beam (approximately 300 mm (H) × 20 mm (V)). The detector was a CMOS flatpanel type (C7942, Hamamatsu Photonics), which had 2240 × 2344 pixels (pixel size: 50 µm) [31] ; the optimized sample-todetector distance was 3 m to increase image contrast by the refraction effect. The X-ray energy was 37 keV and exposure time for each projection was 500 ms. For CT tomography, 900 projections were recorded over 180 degrees per scan. Each 12 mm vertical height scan through the whole marmoset generated 22 separated volume data.
Image Processing
CT images were reconstructed from acquired images using a conventional tomography algorithm by a convolution backward projection [32] . The software is avail-
Results
Synchrotron refraction enhanced CT revealed details of the entire body of the common marmoset non-invasively and clearly. Figure 2 shows representative sagittal and coronal views, and the optimized volume rendering of bones of the whole body. During the entire scan, the temperatures at the top and bottom of the sample chamber were -15˚C and -26˚C, respectively. Therefore, the sample was sufficiently frozen to prevent motion artefacts despite the long scan duration. In this paper, we show images of organs of interest, in particular the abdomen, thorax, and brain of the common marmoset. Figure 3 shows axial and sagittal views of the common marmoset's knee. The trabecular structure is clearly visible. Several sections of distal femurs of female marmosets are imaged using micro-CT with a resolution of 8 -16 μm to evaluate their suitability as an osteoporosis model [33] . Pixel size in the previous study was smaller than in this study because it was an ex vivo study and had a small sample size; however, the X-ray beam was white, not monochromatic. White beams can cause beam hardening effects; otherwise, monochromatic tomographic reconstruction produces a linear attenuation coefficient in each pixel in the absolute scale. Additionally, the in situ synchrotron enhanced CT allowed us to visualize the articular cartilage, the cruciate ligament, and the extensor digitorum tendon between the femur and the tibia, which have not been identified using conventional radiography. Figure 4 shows representative axial, coronal, and sagittal views of the abdomen. Several organs of the common marmoset, such as the kidneys, intestines, stomach, and liver, were visualized clearly. The branching structure in the liver parenchyma was identified; the peripheral branching was seen clearly down to approximately 200 μm. Additionally, in the kidney parenchyma, the renal vein was slightly visible without contrast agents. It seems that some of these structures were veins because of the presence of junctions with the inferior vena cava. Figures  4(a) and (b), the cancellous bone was identified. Since the contrast of the compound that was dispersed through the animal was higher than that of soft tissue, the junction between the oesophagus and the stomach is visible between the thorax and the liver (Figure 4(d) ). Figure 5 shows volume rendering, axial, and coronal images of the thorax. These images clearly show the pulmonary lobe, branching bronchi, and vessels. Airway cartilage and the oesophagus were also imaged, although the trachea was filled with the compound. Small airways, down to an approximately 400-μm diameter, are indicated by an arrow in Figure 5(a) . Structures of the heart, such as the left and right ventricles, the pulmonary artery, and the aorta, were identified ( Figure 5(b) ). Figure 6 shows volume rendering, axial, and sagittal views of the head. The suture in the skull, the ear space, and the cochlea in the middle ear region were identified. The crystalline lens, the edge of the sclera at the eye, and the anatomical structure of the brain were slightly visible (Figures 6 (c) & (d) ).
Discussion
In this study, we show that refraction enhanced CT can be used to visualize the whole body of an intact common marmoset without the use of contrast agents. Although imaging the whole body of the marmoset required the use of a large voxel size (50 μm), the trabecular structure, articular cartilage, the cruciate ligament in the knee joint, and small airways (diameter > 400 μm) were clearly identified. Branching vessels in the kidneys and liver (diameter > 200 μm), and heart structures, such as the left and right ventricles, the pulmonary artery, and the aorta, were also identified without contrast agents. The high coherence and intensity of the synchrotron X-ray source can increase image contrast through refraction edge enhancement in addition to conventional absorption contrast. Therefore, boundaries between small absorption differences can be detected without the use of contrast agents.
In refraction enhanced CT, refraction causes artefacts in reconstructed CT images since the reconstruction algorithm assumes that X-rays pass straight through a sample. According to a previous report of airway imaging [28] , refraction produces a dark line on the inner side (air side) and a bright line on the outer side (tissue side) of air-tissue interfaces. As a result, the pixel intensity of air decreases and that of tissues increased, by which image contrast is improved. Although refraction enhanced CT images lack linearity in tissue linear attenuation coefficients, refraction seems useful for improving contrast when linear attenuation coefficients are not required. In this study, a cryogenic marmoset was scanned while the chamber was maintained at cryogenic temperatures to prevent motion artefacts. In this system, one scan required approximately 50 min; therefore, all of the scans for whole body imaging required approximately 18 hours. In cases where fresh post-mortem marmosets are used soon after euthanasia, sample deformation by rigor mortis during long scans can cause serious motion artefacts. In addition, after rigor mortis, the inside of the body, such as the abdomen, can be deformed by gravity. To keep the marmoset stable during long scans, the sample was placed in an insulated chamber into which nitrogen gas was added continuously. Refraction enhanced imaging, sometimes called "propagation based imaging", is one of the phase-sensitive methods, such as diffraction enhanced imaging (DEI) or "analyser-based imaging," and interferometric methods. In DEI, an analyser crystal is placed between the sample and the detector, and a transmitted X-ray can be reflected from the analyser crystal within an angular range of a few microradians of the Bragg peak, called the rocking curve. In experiments, DE images are usually created by combining images that are obtained at both the positive and negative sides of the rocking curve with respect to the Bragg peak [34] . Diffraction enhanced CT (DECT) has been widely used for mammography [35] [36] [37] and imaging joints [38, 39] , bone [40] , and brains [41] . With respect to interferometric methods, X-ray Talbot interferometry (XTI) was developed [42] . In XTI, two transmission gratings are placed between the sample and the detector, which are separated by a small distance that causes the Talbot effect by the first grating. The differential phase is measured from the moiré patterns that are imaged behind the second grating. XTI is also used for three-dimensional visualizations of biological samples, such as liver tissues with VX2 cancer [43] , kidneys [44] , and atherosclerotic arteries [45] . These methods can increase image contrast in addition to the absorption contrast, and the contrast of DEI is greater than that of refraction enhanced imaging [46] . However, the simple refraction enhanced CT can visualize both soft and hard biological tissues simultaneously, such as the thorax, the abdomen, ligaments, and bones, although bones can generate severe artefacts in CT images using other methods. Therefore, in this study, we used refraction enhanced CT to visualize an intact whole marmoset. Although several organs containing bones, such as the knee, the abdomen, and the thorax, are clearly visible without the use of contrast agents when using synchrotron refraction enhanced CT, the anatomical structure of the brain cannot be visualized in detail (Figure 6 ). MRI can generate brain contrasts of the common marmoset [14, 15] and even small animals [47] . The whole brain of an Alzheimer's model mouse was visualized using diffraction enhanced CT with a pixel size of 9 μm and without the use of a contrast agent [41] . They reported that the images showed amyloid plaques below 30 μm in diameter that varied in density by ~2% from surrounding brain tissue. In the case of MRI, in principal, lung contrast is very low and small airways cannot be detected clearly. Refraction enhanced CT has the following advantages: simple experimental set-up, decrement of projection images for CT reconstruction, and the possibility of visualizing samples containing bones. We also showed that refraction enhanced CT could obtain high-resolution images with high X-ray energy, namely with low doses [28] . This method has the potential to visualize animals in vivo by obtaining projection images in synchrony with physiological motion to reduce motion artefacts [48] . Therefore, in this study, we focused on synchrotron refraction enhanced CT to visualize the whole body of the common marmoset.
As we described above, in this system, one scan required approximately 50 min and all of the scans for whole body imaging required approximately 18 hours. This technique is not suitable for small-animal preclinical experiments using a live animal. The main reason is the low frame rate of the large area CMOS camera. Although a marmoset is one of the small animals, the width is over 5 cm and a large area detector is required for CT imaging. Recently, the CMOS technology is still rapidly developing. In particular, the frame rate can be faster by increasing the number of amplifiers and A/D converters, which will considerably reduce the readout time and increase the frame rate [31] . Previously, the fast CT system was developed at SPring-8, and the scan time is 6 s using high frame rate CCD camera which has 656 × 494 pixels (pixel size: 9.9 μm) [49] . The other approach for in vivo imaging is synchronization of exposures with cardiac and respiratory signals, because breathing and cardiac motion of a living animal causes serious motion artifacts in the reconstructed images, including blurring of the lungs and hearts [48] . In in vivo-CT system, the anesthesia animals were mechanically ventilated with monitoring the airway pressure and ECG, the projections were acquired prospectively in synchrony with the ECG and ventilator phase. And, to reduce the radiation dose, the X-ray shutter was also synchronized.
The common marmoset is a new world monkey species; therefore, few anatomical atlases for the marmoset have been recently reported. For example, a brain atlas was created using histological methods and MRI [14, 15, 50] , and a thorax atlas was created using conventional CT [16, 17] . Otherwise, an anatomical atlas for the whole body of the mouse, which has been used by researchers worldwide for many years, has been reported in detail [51] [52] [53] [54] [55] . The use of the common marmoset has been expanding in various scientific fields because of the development of transgenic techniques [5] and its easy handling as a pathological animal model [56, 57] . The anatomical atlas of the whole marmoset will be very useful for understanding connections between specific genotypes, their structure, and function.
Conclusions
We have shown that refraction enhanced CT can be used to obtain a whole body atlas of an intact common marmoset. This method improves the contrast of boundaries between small absorption differences by refraction in addition to conventional absorption. As a result, the trabecular structure, articular cartilage, ligaments, and small airways were clearly identified with a 50 μm voxel size and 37 keV X-ray energy. Heart structures and branching vessels in the kidneys and liver were visible without the use of contrast agents, and the anatomical structure of the brain can be somewhat identified. MRI is widely used to obtain brain anatomy because of its high soft-tissue contrast, and the cryosectioning method is also useful for obtaining anatomical data invasively [58, 59] . In the future, we will combine coregistered refraction enhanced CT, MRI, and cryosection data to construct a complete three-dimensional atlas of the whole body of the common marmoset.
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